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ABSTRACT

Lift (L) and drag (D) characteristics have been
obtained in flight for the X-29A airplane (a forward-
swept-wing demonstrator) for Mach numbers (M) from
0.4 to 1.3. Most of the data were obtained near an
altitude of 30,000 ft. A representative Reynolds num-
ber, for M = 0.9 and a pressure altitude of 30,000 ft, is
18.6 x 10° based on the mean aerodynamic chord. The
X-29A data (forward-swept wing) are compared with
three high-performance fighter aircraft—the F-15C,
F-16C, and F/A-18. The lifting efficiency of the
X-29A, as defined by the Oswald lifting efficiency fac-
tor, e, is about average for a cantilevered monoplane
for M = 0.6 and angles of attack up to those required
for maximum L/D. At M = 0.6 the level of L/D and e,
as a function of load factor, for the X-29A was about
the same as for the contemporary aircraft. The X-29A
and its contemporaries have high transonic wave drag
and equivalent parasite area compared with aircraft of
the 1940s through 1960s.

NOMENCLATURE

Acronyms and Initialisms

ACC (wing flaperon) automatic camber
control

BIR buffet intensity rise, as defined in
reference 61

DARPA Defense Advanced Research Projects
Agency

LE leading edge

MAC mean aerodynamic chord

MCC (wing flaperon) manual camber control

NACA NationalkAdvisory Committee for
Aeronautics

NASA National Aeronautics and Space

Administration

PLA power lever angle

TEU

Symbols

AI

a o =
T o

a
o

min

wave

trailing edge down

trailing edge up

2

aspect ratio, l—?S,—

aspect ratio based on alternative

2
reference area, ZSL’

maximum cross-sectional area of
complete configuration

wetted area
acceleration along aircraft z-axis, g
wing span
drag coefficient, _2-
q-s
drag coefficient at zero lift

minimum value of drag coefficient for a
given polar, not necessarily C D
0

transonic wave drag coefficient,
reference area = A_ (in fig. 14,

reference area = §)

equivalent average skin-friction
coefficient for turbulent flow

lift coefficient, _L
g-s

lift-curve slope A—CL deg‘1 or rad™!
£ Aa b

value of C,; at corresponding C D,. for

given polar

section lift coefficient
drag force along flightpath

equivalent diameter



K/

X

DR

SI

tlc

airplane lifting efficiency factor,

1 /AC, .
— / —, unless otherwise
TA AC
L
defined in text or figures
equivalent parasite area, C p. S
0
acceleration of gravity

pressure altitude

) AC),
drag-due-to-lift factor, —

AC,

ratio of lift angle (rad) to K,
s Ay
ACL/ ac)

lift force, normal to flightpath

length
Mach number

drag-rise Mach number, where
AC,,

— = 0.1
AM 0
ambient pressure

dynamic pressure, 0.7M 2P

wing reference area assigned by airframe
builder

alternative reference area
maximum wing thickness

wing thickness-to-chord ratio, maximum
value averaged over the span

angle of attack, deg or rad
angle of attack at zero lift, deg
lift angle, rad

deflection angle, deg

) canard deflection angle, deg

wing flap or wing flaperon deflection,

! deg

3, strake flap deflection, deg

A wing leading-edge sweep angle, deg

A/4 sweep angle of quarter chord, deg

0,,ist wing twist angle with respect to fuselage
reference line, deg

nr semispan fraction, in decimal form

n, aerodynamic efficiency at zero-lift,
subsonic, based on reference
Cp value of 0.003

n, aerodynamic efficiency at zero-lift,
subsonic, based on calculated
C F reference value for flat plate
turbulent flow for applicable wetted
area and Reynolds number

n, aerodynamic efficiency at zero-lift,
subsonic, based on calculated Cg
reference value for applicable
Reynolds number and wetted area,
including form factor to account for
three-dimensional effects

INTRODUCTION

In his National Advisory Committee for Aeronautics
(NACA) Technical Note published in 1924, Max Munk
said, “Sweep back was used in some of the early air-
planes in order to obtain lateral stability” (ref. 1).
Though most of the aircraft of the 1920s and 1930s did
not use wing sweep, some early tailless gliders and air-
planes employed sweep (refs. 2 and 3). Reference 2
refers to four experimenters who employed forward
sweep over part or all of the span from 1911 to 1928.

Interest in forward-swept wings increased when
some wind-tunnel tests in 1931 showed that 20° of for-
ward sweep provided a greater useful angle-of-attack
range than did a corresponding amount of aft sweep
(ref. 4). Later, as airplane wings began to experience
the effects of local shock waves, A. Busemann and R.T.



Jones independently recommended sweepback as a
means of reducing transonic and supersonic drag
(refs. 5-7).

It was only natural, then, to consider using forward
sweep for high-performance aircraft, because forward
sweep offered the dual benefits of reducing compress-
ibility effects at transonic speeds and providing high-
lift advantages at lower speeds as indicated by
reference 4. This may have been a consideration in the
design of the Junkers prototype bomber, the Ju-287,
which flew briefly in early 1945 (refs. 8-10). The Ger-
man-built Ju-287 had about 15° of forward, leading-
edge sweep.

Subsequently, interest in forward-swept wings
increased in the United States during the years follow-
ing World War II. References 11 through 27 are a repre-
sentative, but incomplete, listing of tests of forward
sweep before 1960. It may be of interest, especially to
persons aware of the earliest flights to supersonic
speeds, that the fuselage and empennage of the quarter
scale X-1 model were tested with both swept-back and
swept-forward wings (ref. 17). Later, during the 1960s,
moderate amounts of forward sweep were used in two
subsonic airplane designs in Germany, apparently for
advantageous positioning of the main spar (ref. 28).

Because of a warning from reference 16, published
in 1948, concerning aeroelastic structural divergence
for forward-swept wings, designers of high-speed air-
craft were reluctant to employ forward sweep for more
than two decades. To avoid this problem, that is, to
achieve sufficient structural stiffness, conventional
metal wing construction would have resulted in sub-
stantial weight penalties. Through the development of
advanced composite materials and using specially ori-
ented laminates, the aeroelastic divergence problem
was alleviated (ref. 29). Now the forward-sweep con-
cept could be applied to high-performance airplanes;
consequently several feasibility studies were initiated
(refs. 30-33). These and other studies were either spon-
sored or encouraged by the Defense Advanced
Research Projects Agency (DARPA) and supported by
the United States Air Force and the National Aeronau-
tics and Space Administration (NASA). DARPA then
contracted with three airframe companies to conduct
analytical studies for comparing forward- and aft-
sweep designs for transonic military applications
(ref. 34).

The results of those studies revealed the potential for
higher lift-to-drag ratios in maneuvering flight, lower

trim drag, and improved low-speed handling qualities.
These findings provided justification for building a
flight demonstrator vehicle, and it was decided that it
should be manned rather than a remotely piloted vehi-
cle (ref. 35). Further analytical and wind-tunnel studies
verified the earlier indications of lower drag and in
addition found that lift-related drag and wave drag may
also be reduced with forward sweep (refs. 36 and 37).

As a result of these studies, DARPA sponsored a
contract with Grumman Aerospace Corporation
(Bethpage, New York) to design and build a forward-
swept-wing flight demonstrator (refs. 38 and 39). This
airplane was to incorporate several advanced technolo-
gies in addition to the forward-swept wing. By the
early 1980s, interest in forward sweep had grown
enough that an international symposium was devoted
to the subject (ref. 40).

The airplane that was designed and built by Grum-
man was designated the X-29A. The Wright-Patterson
Air Force Base X-29A Advanced Program Office pro-
vided overall program management. The NASA Dry-
den Flight Research Center was the responsible test
organization and the Air Force Flight Test Center was
the participating test organization. More detailed infor-
mation about the test organization and the flight test
program is given in references 41 through 43.

The X-29A airplane represents the integration of
several advanced technology features. The thin super-
critical forward-swept wing is the most obvious of
these (the complete list of advanced technologies will
be given later). As indicated in references 41 through
43, one major objective of the flight program was to
define the lift and drag characteristics of the X-29A air-
plane. The purpose of this paper is to report these
results.

Because the X-29A was a technology demonstrator,
it did not undergo thorough aerodynamic design
optimization. Components from other aircraft (for
example, forebody and canopy) were used, and it had
exposed hinges and large actuator fairings beneath the
wing. Consequently, the X-29A lift and drag results
should not be interpreted as definitive for a more opti-
mized high-performance, forward-swept wing aircraft
that could be built.

The X-29A (number 1) was first flown by the
builder on December 14, 1984. There were four
contractor-builder acceptance flights, and the first
NASA flight was made on April 2, 1985. This paper



contains results from the dedicated performance flight
research phase of the flight program, which followed
the initial envelope expansion work. In the flight phase
from August to December 1987, a highly instrumented,
thrust-calibrated engine was installed. This, along with
other aircraft instrumentation improvements, qualified
the airplane for flight lift-drag research.

The definition of both the zero-lift drag coefficients
and the lift-induced drag factors was achieved over the
Mach-number (M) range from 0.4 to approximately
1.3. The altitude range varied from 5,000 to 42,000 ft
with particular attention given to altitudes near
30,000 ft. Mach numbers of 0.9 and 1.2 at 30,000 ft
represented the two primary design conditions
(ref. 41); and the dynamic-pressure and Reynolds-
number ranges (based on the mean aerodynamic chord
(MAQ)) for these test points varied from about 200 to
800 Ib/ft? and 11 million to 34 million, respectively.
For the analysis considered here the maximum lift
coefficient was near 1.6 and the corresponding angle of
attack was about 16°. Thus the low-speed, very high
angle-of-attack research that was conducted using the
X-29A (number 2) is not included in this paper
(refs. 44-46).

Lift and drag data were obtained during pushover-
pullup and windup turn maneuvers using the well-
known accelerometer method (see Method and Proce-
dures section). This paper will not address the
relationship of full-scale flight data with predictions
based upon wind-tunnel model tests. Comparisons will
be made, however, between X-29A flight lift and drag
characteristics and flight results from three other con-
temporary high-performance aircraft that were opti-
mized for transonic maneuverability.

AIRCRAFT DESCRIPTION

The X-29A demonstrator aircraft, figure 1, was a
single-seat fighter-type aircraft that integrated several
advanced technologies intended to provide aircraft
aero-performance and maneuverability improvements,
especially in transonic flight. Though the most obvious
feature of the airplane was its forward-swept wing,
several other advance technology factors were signifi-
cant. These were, from references 39, 40, 42, and 47,

* Thin supercritical airfoil

* Aeroelastically tailored composite wing structure
* Close coupled, variable incidence canards
* Relaxed static stability

* Triply redundant digital fly-by-wire control
system

* Automatic variable wing camber control
* Three-surface longitudinal control

Figure 1(a) shows a three-view layout of the aircraft
with major geometrical characteristics, and important
dimensional data are given in table 1.

Table 1. X-29A general information.

Wing
Reference area, S 185.0 ft?
Exposed area 188.84 ft?
Mean aerodynamic chord 7.22 ft
Aspect ratio (A) 4.0
Leading-edge sweep (A) -29.27°
1/4-chord sweep -33.73°
Taper ratio 04
Dihedral angle 0°
Flaperon area 14.32 ft?
Flaperon deflection (5y) 10° TEU (=)

24.75° TED (+)
Strake-flap area 5.21 fi
Strake-flap deflection (8,) 30° TEU (-)
30° TED (+)

Canard
Reference area 37.0 ft?
Exposed area 35.96 fi?
Aspect ratio 1.47
Leading-edge sweep 42.0°
1/4-chord sweep 23.06°
Taper ratio 0.318
Deflection (8,) 58° TEU ()

32°TED (+)

Vertical tail
Reference area 33.75 ft?
Exposed area 32.51 ft?
Aspect ratio 2.64
Leading-edge sweep 47.0°
1/4-chord sweep 41.06°
Taper ratio 0.306
Rudder area 7.31 ft?



Table 1. Concluded.

Rudder deflection 30° TE left (+)
30° TE right (-)
Engine F404-GE-400
Power setting
Ground idle 18°PLA
Flight idle 31°PLA
Intermediate 87° PLA
Maximum afterburner 130° PLA
Engine inlet
Capture area 650 in2
Throat area 473.5 in?
Fuel JP-5
Zero fuel weight and balance
Gross weight 13,906 1b
Center of gravity range ~14.4% to -7.0%
of MAC
Fuel tank capacities
Feed tank 1,830 1b
Forward tank 1,8101b
Strake tank 3401b
Total fuel capacity 3,980 Ib
Maximum takeoff weight 17,800 Ib

Wing Characteristics

The wing profile was a supercritical section of
Grumman designation, with an average wing thickness
ratio #/c of approximately 5 percent and a MAC of 86.6
in. A built-in wing leading-edge root-to-tip twist was
designed to optimize transonic performance at M = 0.9
and an altitude of 30,000 ft. Figure 2 illustrates the dis-
tribution of the twist for two flight conditions adapted
from reference 48.

The design limit load factors for symmetric maneu-
vers were 8 g for subsonic and 6.5 g for supersonic
speeds. Flight limits were defined as 80 percent of the
design values. Leading-edge sweep was —29.3° from 1
=0.39 to the tip. From 1 = 0.39 to the root the leading-
edge was swept back about 29°. The wing had no lead-
ing-edge devices but did have variable trailing-edge
camber control throughout almost the entire span. Fig-
ure 3 shows a cross-section view of this control device
(flaperon).

Because the actuator components used were
designed for other aircraft, two rather large (nonopti-
mum) external fairings were located under each wing
to house hydraulic actuators for the flaperons. In
addition, each wing had five other lower surface protu-
berances caused by flaperon actuators and hinges. The
estimated extra drag caused by these fairings and
hinges will be discussed in a later section. The design
lift coefficient at M = 0.90 was 0.92.

Control Surfaces

The three longitudinal control surfaces were the
variable-incidence canards, the wing flaperons, and the
aft-mounted strake flaps. The exposed area of the
canards was about 20 percent of the exposed wing area.
The maximum canard deflection range was from 32°
trailing edge down (TED) to 58° trailing edge up
(TEU) at rates up to 100°/sec. The canards had sharp
leading and trailing edges, a symmetric airfoil section,
and no twist. There was no provision for asymmetric
canard deflections.

The aft-wing mounted flaperon chord length was
25 percent of the total (swept-forward) wing chord.
The maximum deflection range was from 10° TEU to
24.75° TED, and the maximum commanded deflection
rate was 68°/sec. Symmetric flaperon deflection pro-
vided pitch control while asymmetric deflection of the
flaperons, coordinated with rudder control-assist
through an aileron to rudder interconnect, provided roll
control.

The strake flaps had a deflection range of +30°.
Figure 4 shows the permissible range of travel between
the maximum limits as influenced by angle of attack
or Mach number for all three longitudinal control
surfaces (ref. 47).

Flight Control System

The X-29A flight control system was a triplex fly-
by-wire with two digital modes—a primary and a back
up—and an analog mode. All flight research results
reported here were performed in the primary mode.
Two longitudinal control loop features scheduled the



wing flaperon camber. The primary control loop was
the continuously variable automatic camber control
(ACC) mode. This was the primary mode for obtaining
the lift and drag data of this report. A manual camber
control (MCC) mode allowed the pilot to set fixed flap-
eron positions. Brief examples of lift and drag data will
be shown for the MCC mode at —5°, 0°, and 5° flap-
eron settings. Reference 49 shows a block diagram for
the longitudinal component of the primary digital
mode, and further details pertaining to the flight control
system are given in reference 50.

Propulsion System

The X-29A was powered by a single General Elec-
tric F404-GE-400 turbofan engine (General Electric,
Lynn, Massachusetts) rated at 16,000 Ib of thrust for
sea-level static conditions for full afterburner. The noz-
zle region was relatively clean, as were the various
vents and scoops that accompany turbofan installa-
tions. Additional details about this engine are found in
reference 51.

Engine air was supplied through two side fuselage-
mounted inlets that merged 18 in. in front of the engine
face. The inlets were of simple fixed geometry,
designed for optimum performance near M = 0.9 (one
of the primary design goals). Reference 48 showed
details of the lip geometry and dimensions.

DATA ACQUISITION SYSTEM

Instrumentation

A total of 691 parameters were measured. Because
the wing was quite thin and fuselage space was limited,
there was no onboard recording system. Consequently,
the data were transmitted to the ground for recording,
real-time analysis, and control-room monitoring. The
five-module 10-bit pulse code modulation system,
combined with a single frequency modulation system,
were presented in block format in reference 48. All
data were transmitted in encrypted form and then
decrypted and decommutated on the ground for record-
ing and display.

Figure 5 shows the distribution of research
data parameters among several disciplines. The major-

ity of the measurements used for this paper are listed
under the “basic parameters” heading. An external
array of sensors was contained on the noseboom,
which was a derivative of a standard NACA-NASA
airdata head (ref. 52). Details on the instrumentation
system are reported in references 41, 42, and 43; and
background information pertaining to the engine sen-
sors and their location are found in references 51, 53,
54, and 55.

Data Uncertainty

Reference 56 discussed the permissible uncertainty
for several of the most important parameters with
respect to the definition of drag coefficient C - The
measurement uncertainties considered there were
based on specifications for the various sensors
that were anticipated, or assumed limitations in the
state of the art. Based upon these individual measure-
ment uncertainties and on a projected drag coefficient
value from a simulation model, the percentage of drag-
coefficient error was calculated for several flight condi-
tions. Reference 56 concluded that “to achieve reason-
able net uncertainty levels in C p» the maximum limit
error in thrust should be near 3 percent.” By assuming
a limit thrust error of +3 percent, reference 56 deter-
mined that the several other most important error
sources combined to produce a net uncertainty in drag
coefficient of 2.6 and 2.4 percent for level flight and
maximum lift-drag ratio, respectively, at M = 0.9 and
30,000 ft altitude.

The authors now have the advantage of experience
with the instrumentation system and can apply this
experience to defining new values to the data uncer-
tainties for the important parameters. This has been
done, and the resulting uncertainties in the important
parameters are shown in table 2.

Table 3 shows, for M = 0.9 and an altitude of
30,000 ft, the net uncertainty as calculated by the pro-
cedures used in reference 56. The percentage of
uncertainty is larger for level flight because the
denominator, C p» 18 significantly lower than it is for
maximum lift-to-drag ratio.



Table 2. Major data uncertainties.

Individual

Parameter limit error
Longitudinal acceleration +0.001 ¢
Normal acceleration 10.003 ¢
Static pressure 10.01 percent
Mach number 10.004
Angle of attack +0.25°
Net thrust +2.5 percent
Weight +1.0 percent

Table 3. Uncertainties at M = 0.9 and 30,000 ft.

Level flight Maximum L/D
AC, +0.00162 10.00196
Cp 0.0380 0.0580
ACD, percent 4.3 +3.4
CD
METHOD AND PROCEDURES

The forces that combine to provide lift and drag
coefficients were obtained from the accelerometer
method, which has been used in flight since the 1940s
(ref. 57). Reference 58 adapted the equations for use
with turbojet powered aircraft, and reference 48
detailed how the accelerometer data were resolved for
the present X-29A investigation.

Data Reduction and Correction Procedures

The data were reduced through the Uniform Flight
Test Analysis System (UFTAS), a documented but
unpublished procedure developed by the Air Force-
Flight Test Center, Edwards, California. Reference 48
described the data correction procedures and the
calculation of in-flight thrust. Other significant
propulsion-related information is contained in refer-
ences 51 and 53 through 55.

Test Maneuvers and Flight Conditions

Pushover-pullup and constant Mach number windup
turns were used to obtain lift and drag throughout the
range of angle of attack covered for this investigation.
The pushover (from level flight) covered the lower lift
region; the pullup then reached the medium lift range;
and the windup turn covered the medium to high-
angle-of-attack range.*

A nominal maneuver began at level flight with
velocity stabilized. A gradual pushover was then initi-
ated followed by a pullup to about a 2-g load factor and
a recovery back to level flight. The rate of change in
load factor during the maneuver was about 0.2 g/sec;
and the entire maneuver was achieved in about 20 sec.
Maneuvers also were performed at higher and lower
onset rates to assess the effects of maneuver rates on
drag. It was determined from these data (not included
here) that the 0.2 g/sec rate used for these maneuvers
provided lift-drag relationships that were not adversely
influenced by the onset rates. To achieve higher load
factors windup turns were used. To keep Mach number
nearly constant, altitude would sometimes be sacrificed
as load factor was increased. Level flight acceleration
runs also were flown. Reference 59 gave details of
these and other flight test techniques.

RESULTS AND DISCUSSION

This section will first present the basic X-29A flight
lift curves and drag polars. These data will be followed
by zero-lift drag data, lift-related drag data and lift
curve slope results that are derived from the basic flight
data. The last part of this section will compare the
X-29A flight data with corresponding results for three
other aircraft.

X-29A
Basic Drag Polar and Lift Curve Data

The basic flight data plotted in figure 6 present lift
coefficient as a function of both drag coefficient and
angle of attack. The data are presented over the

* For the present investigation angles of attack approaching the 15° to
20° range are considered high. It is acknowledged that at low speeds the
angle-of-attack range has been extended to 67° (refs. 44—46).



Mach-number range from 0.4 to 1.3 in figure parts 6(a)
through 6(j), respectively. Each part of figure 6 con-
tains trimmed ACC flight data and ACC schedule pre-
dictions for trimmed, stable flight. The following
analysis will concern primarily the ACC schedule flight
data and comparisons with simple theory and some
contemporary aircraft. The ACC schedule prediction
curves will not be a part of the present analysis. The
only reason that the predicted ACC schedule curves are
included in figure 6 is that they add evidence that the
maneuver rates used in the turns and pushovers did not
adversely affect the lift-drag characteristics of the air-
plane. The data and comparisons for the MCC mode
will be limited to one Mach number, M = 0.6.

Figure 7 shows drag coefficient plotted as a function
of Mach number for a family of constant lift-
coefficients (trimmed flight, ACC mode). The solid
curves are separated by lift-coefficient increments of
0.3. The dashed curve at C; = 0.5 is included because
maximum lift-to-drag ratio occurs close to this condi-
tion throughout the subsonic portion of the Mach-
number range. At supersonic speeds maximum L/D is
obtained closer to a C 1 Vvalue of 0.6. Excepting the
dashed curve, notice the increasing increment in drag
coefficient as each 0.3 increment in C ;. 1s considered,
from C; =0to 1.2. In spite of the noted increasing lift-
related drag, the drag-rise Mach number (indicated by
tick marks) remains relatively unchanged, except the
curve for C; = 1.2. The transonic increment of wave
drag also is evident in this figure. Each of the expres-
sions of drag that have been typeset italic in this
paragraph will be shown and discussed in greater detail
in subsection portions of this paper to follow.

Lift-to-Drag Ratio

Figure 8 shows the variation of L/D with
Mach number as obtained in flight. The circular
symbols represent the maximum L/D value and the
squares show L/D at the transonic (M = 0.9) design C,
value of 0.92. The relative significance of the X-29A
lift-to-drag ratios will become more apparent later in
the paper when they are compared with values from
some contemporary, high-performance, fighter-type
aircraft.

Figure 9 shows the envelope of lift coefficient and
angle of attack that will provide 95 to 100 percent of

maximum lift-drag ratio over the Mach-number range
of these tests. The breadth of the angle-of-attack
envelope varies from about 2.5° at low subsonic speeds
to 1.5° near the drag-rise Mach number; then the enve-
lope broadens to nearly 3° above the drag-rise Mach
number. The zero-lift angle of attack, 0, also is
included in the figure.

Lift-Related Drag
. ) AC),
Figure 10 shows the drag-due-to-lift factor — as
AC
L

a function of Mach number for the ACC mode. Two
forms of the factor are plotted because the polar shapes
for this airplane, in most instances, do not result in a

linear relationship when Cp, is plotted against CL2

. . . . 2
Figure 11 is a schematic representation of a plot of C L
as a function of C p that explains the origin of the open

and solid symbol values in figure 10. The open symbols
of figure 10 correspond to the slope of the straight-line
fairing, in figure 11, from the upper solid symbol to the

intersection at C L2 = 0. The solid symbols of figure 10

result from inserting the two C p Values represented by
the solid symbols of figure 11 into the expression:

AC, Cp-Cp

0
= 1)
2 2
Cp CL

for the range of C, from 0 to 0.6. This range of C, is
considered because it extends near or somewhat
beyond the lift coefficient required to achieve maxi-
munm lift-to-drag ratio.

Figure 10 also shows relationships for the expres-

sions L. and Ao which are theoretical values for

TA AC ’

the drag-due-to-lift factor for 100 percent and zero
leading-edge suction, respectively. As can be seen, the
X-29A drag-due-to-lift factor is qualitatively between
the two criteria at subsonic speeds, and exceeds the
zero-suction criterion at transonic and low supersonic
speeds. This is not unusual for aircraft that reach these
Mach numbers.

Figure 12 shows another way of evaluating lift-
related drag to these criteria. The ordinate e is the ratio



AC D
of TC—IA to — for Mach numbers below 1. Above

AC
L
Mach 1 the ordinate factor K’ is used. The factor K’ is

AC
the ratio of AAT(X to -—22 . The open and solid sym-

L AC,
bols are derived from the corresponding symbols of
figure 10. The range of the factor e, which is Oswald's
airplane lifting efficiency factor from reference 60, is
mostly within the range of values (i.e., from 0.85 to
1.0) one would expect for a cantilever monoplane at
the lower Mach numbers. At transonic Mach numbers
(0.9 to 1.1), the e and K’ factors are each significantly
below unity. This trend is somewhat representative of
compressibility effects that occur on all high-perfor-
mance aircraft. The continuation of K’ values below 1
at the highest Mach number may represent shock-
induced flow separation that increases with lift along
with less-than-optimum trim conditions (excess trim
drag). Lift-related drag will also be discussed later in
this paper relative to the X-29A and some contempo-
rary aircraft,

Drag-Rise Mach Number

Figure 7 displays tick marks on each member of the
family of curves showing the variation of drag
coefficient with Mach number. Each tick repre-
sents the Mach number at which the slope of the

AC
respective curve, HID ,is equal to 0.1. This is the defi-

nition used for identifying the drag-rise Mach number.
The M, values from figure 7 have been combined

with other X-29A data for C I values of 0.8, 1.0, and

1.1 and plotted in figure 13 as a function of lift coeffi-
cient. The approximate angles of attack that correspond
to the nearest data symbol are shown.

It is not surprising that the drag-rise Mach number
decreases significantly for lift coefficients above the
design value of 0.92. The legends or captions that
accompany the solid symbols indicate that the
respective M, ,—C L Of Mp,—0. combinations occur
under conditions involving lifting surface buffet as
defined in reference 61. Thus it is reasonable to expect
diminishing values of drag-rise Mach number in this
region, particularly near buffet intensity rise (BIR) for
the wing.

Note that from 95 to 100 percent of maximum lift-
drag ratio can be obtained at lift coefficients for which
the drag-rise Mach number is between 0.895 and 0.91.
The zero-lift drag-rise Mach number is 0.925.

Transonic Wave Drag Increment

Figure 14 shows the variation of zero-lift drag coef-
ficient with Mach number. The increment of zero-lift
drag coefficient between the highest Mach number and
the Mach-number region in which significant com-
pressibility effects are about to begin (assumed to be
M = 0.8) is identified in figure 14 as transonic wave
drag. Based on the wing reference area, the wave drag
coefficient increment is 0.0365.

Because wave drag is more a function of cross-
sectional area than wing reference area, it is appropri-
ate to consider the wave drag coefficient as based on
the X-29A maximum cross-sectional area. The maxi-
mum cross-sectional area was derived from the cross-
sectional area development plot shown in figure 15.
The value derived used the peak area shown in figure
15 with nine-tenths of the inlet capture area subtracted,
which assumes an inlet mass-flow ratio of 0.9. Based
on the resulting cross-sectional area of 21.09 ft2,
the wave drag coefficient is 0.320. Wave drag for the
X-29A will be more meaningful when compared with
other supersonic aircraft in a later section of this paper.

Lift-Curve Slope

Figure 16 shows the variation of the lift-curve slope
with Mach number for the X-29A in the ACC mode.
These data are derived from the trimmed flight data of
figure 6, augmented by corresponding data from
reference 47. The level of the lift-curve slope shown in
figure 16 is high by usual standards (by a factor of 2 to
3). This matter will be discussed in following
paragraphs.

An example of how high the values of figure 16 are
compared with other sources can be seen by relating
the subsonic values shown and the slope for A = —30°
in figure 17. Figure 17, adapted from reference 27,
shows an expected C L, value between 0.05 and 0.06
for the sweep and aspect-ratio range of the X-29A. This
supports the previous comment, in parentheses, about
the X-29A slopes appearing to be high by a factor of
from 2 to 3.



A primary reason for these inordinately high slopes
relates to the variable-wing camber feature, which is
used in the ACC mode. This is evident in figure 18(a)
in which the variable-camber slope of the lift curve for
the ACC mode can be compared with the slopes for
three different fixed flaperon settings (or fixed camber)
for the MCC mode at M = 0.6.

The slopes for the three fixed flaperon (camber) set-
tings are nearly the same, and they are significantly
lower than the slope of the trimmed ACC data. In spite
of the significantly lower slopes for the X-29A with
fixed flaps, they are still greater than would be
predicted by the method of Diederich, which accounts
for the sweep and aspect ratio of the X-29A wmg (solid
line curve from ref. 62).

The three nearly parallel lift curves shown in figure
18 for constant flaperon deflections of —5°, 0°, and 5°
are characteristic of the data pattern for even higher fla-
peron deflections. That is, higher fixed flaperon deflec-
tions would result in ever lower, to negative, values of
angle of attack for zero lift. This is, of course, also
characteristic of conventional trailing-edge high-lift
devices that have been used over the last five decades
for takeoff and landing. Figure 19 (adapted from
ref. 63) shows an example of such a conventional data
set. Notice the high apparent slope of the section lift
curve (added dashed line) when the trailing-edge flap
deflection was varied accordingly as angle of attack
was increased. Thus it would be expected that the
X-29A in the ACC mode would have a correspond-
ingly high effective lift curve slope when flaperon
deflection varies from near zero at low lift to nearly 15°
at the higher angles of attack. That is, the variable cam-
ber aspects of the X-29A would be expected to provide
an effectively higher lift-curve slope in the same way
as was demonstrated by the high-lift, double-slotted
flap data shown in figure 19.

Another factor, however, inflates the lift curve
slopes (and other force coefficient parameters), which
include the wing reference area in their definition. As
mentioned earlier, the three MCC curves in figure 18,
for fixed flaperon deflections, had lift-curve slopes
higher than would be predicted by the method
shown in reference 62. Evidence shows that these
flight-measured slopes are high because the force coef-
ficients are based on an unreasonably small reference
area. Figure 20 shows this reference area, S = 185 ft2,
as the lightly shaded area in the schematic planform.
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The resulting relationship of the flight-measured and
predicted lift-curves is shown in the upper portion of
figure 21 for M = 0.6 and 8 , = 0°. The same relation-
ship is evident in figure 18(a§.

The darkly shaded portions of the planform in figure
20 show reasonable added increments of reference area
that can significantly influence the relationship of pre-
dicted and measured lift curves. Table 4 shows the
effect of the added increments of reference area on
total reference area and aspect ratio.”

Table 4. Actual and hypothetical alternative reference
areas and aspect ratios.

AS, S, 8,
Description 2 £ f2 A A’

Basic swept-

forward wing - 18 - 400 -
Stationary lift

surfaces, exposed 27 - 212 - 349
Stationary lift surfaces,

projected to centerline 79 _— 264 — 2.80

When these increments of reference area are consid-
ered and the resulting values of §” and aspect-ratio are
applied, the relationships of flight-determined and pre-
dicted lift curves are as shown in the two lower
portions of figure 21. As can be seen, Diederich's the-
ory from reference 62 (which accounts for sweep,
aspect-ratio, and compressibility effects) does not
approach the flight-derived lift-curve slope until the
largest reference area is used. The authors do not pre-
tend to define the most appropriate reference area;
however, the relationships shown in figure 21 are
believed to provide evidence that the reference area
originally used (S = 185 ft?) is not the appropriate
value if meaningful comparisons are to be made with
force coefficients from other aircraft. Thus, it is
believed that the inordinately high lift-curve slopes of
the X-29A, as shown in figure 16, have two explainable
sources—variable wing camber, in ACC mode, and
unrealistic (too small) reference area.

Furthermore, these two factors would also be
expected to influence other lift-related parameters,
especially lift-induced drag, and the unrealistic
reference area alone will bias any aerodynamic

* The exposed “lifting canard™ area could also be rationalized to be a portion
of the reference area, but it is not necessary to do this to demonstrate that the
reference area actually used for the X-29A is unreasonably small.



parameters containing uncancelled reference areas. For
example, reference area obviously cannot bias a ratio

such as L/D (from gL) in which the reference area

effects cancel. However, all of the solitary force coeffi-
cients are biased; an example of this will be included in
the following section.

Comparisons With Other Aircraft

Zero Lift-Drag Coefficients

The first comparisons of the X-29A data with flight
data from other contemporary aircraft involve the con-
figurations shown in planform in figure 22. Figure 23
shows zero-lift drag coefficients and maximum lift-
drag ratios for these four configurations as a function of
Mach number. The zero-lift-drag coefficient compari-
sons, upper part of the figure, demonstrate the influence
of a reference area that is too small in that the Cp
values for the X-29A are inordinately high. Notice that
if the drag coefficient is based on a reference area of
264 ft? as discussed relative to figures 20 and 21 (solid
circular symbol at M = 0.7 and 1.2), the resulting val-
ues of Cp, are within the range of values for the three
other alrcraft As stated before, the 264 ft? value for
reference area is not proposed as the proper value, but
it illustrates the inadequacy of the value of 185 ft2.
Serious comparisons of X-29A drag characteristics
with other aircraft results in this paper will use parame-
ters that avoid dependency on the choice of wing
reference area. An appendix is included that discusses
the subject of uncertain or debatable reference area in
greater detail. The data for the F-15C and F-16C are
based on unpublished ﬂight tests, and the F/A-18 data
are from reference 64.

Lift-to-Drag Ratio

The lower part of figure 23 compares maximum
lift-drag ratios for the four aircraft. As was the case for
the zero-lift drag comparisons, only a selected few
Mach numbers are included for the three contemporar-
ies of the X-29A. Below the speed of sound the F-16C
and F/A-18 have higher maximum lift-drag ratios than
the X-29A or F-15C has. At M = 1.3 the value of
maximum lift-drag ratio for the X-29A is near the aver-
age of the values for the other three aircraft. The reader

should recall that comparisons on the basis of L/D
avoid dependence upon the choice of reference area.

Lift-Related Drag

Figure 24 presents lift-related drag characteristics
for the same four configurations. The drag-due-to-lift

factor, A_an, shown in the upper portion of the figure
L
is subject to the aforementioned reference area bias;
however, it is shown for two reasons. The first reason is
to demonstrate that X-29A drag characteristics can
appear to be too high or low when compared with those
from other aircraft, depending on whether the uncan-
celled reference area is in the numerator or denomina-
tor of the lift or drag parameter. A comparison of the
upper portion of figures 23 and 24 provides evidence of
this fact. The second reason for including the upper
portion of figure 24 is because the parameters in the
lower part of figure 24 are derived from the respective
AC
—, data.
AC,

The lower portion of figure 24 compares the various
configurations on the basis of two lifting efficiency fac-
tors, e and K’, which are not affected by reference
area. The factor e is to be considered for Mach numbers
below 1, and K’ is applicable at supersonic speeds.

With the exception of the X-29A datum at M = 0.4, the
subsonic values of e for the various airplanes are close
to the norm for a cantilever monoplane as defined by
Oswald in reference 60, that is, from 0.85 to 1.0. This
statement would not be expected to apply above
M = 0.8 where compressibility effects probably deter-
mine that the e values will be lower than were consid-
ered by Oswald. Based on e values as defined when

ACh . : :
—, s calculated from equation (1) or defining e as
AC,
2
C
e= £ )
- A( Cp-C Do)

the lift-related drag of the other aircraft would appear
to be higher than for the X-29A, below M = 1.

At Mach numbers above 1 the X-29A lifting effi-
ciency as defined by factor K’ is low. A value for K’ of
1 would represent the theoretical drag-due-to-lift for
zero leading-edge suction, untrimmed. This suggests,
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as was mentioned previously, that the X-29A is
experiencing either significant trim drag for the ACC
mode or increasing shock losses with lift at Mach
numbers above the speed of sound. The higher K’ val-
ues for the other three aircraft suggest that their trim
drag was lower. Because these other aircraft are opera-
tional in significant numbers, it would be expected that
more effort to reduce trim drag would be expended for
them than for the two X-29A aircraft.

The Effect of Load Factor on Efficiency

Having established that the parameters e and L/D
should be reliable means of avoiding bias of perfor-
mance definition caused by an unrealistic reference
area, it is also reasonable to examine these parameters
for several maneuvering load factors. Figure 25 shows
lift-drag polars and load factor-C, relationships for
the four aircraft previously considered at M = 0.9. Load
factors from 1 to 3 are indicated on these polars for
each 0.5 increment of load factor. The significant varia-
tionin C Iz for a given load factor, among the four air-
craft indicates why comparisons will be made at
comparable load factors rather than for a range of con-
stant lift coefficients.

Figure 26(a) shows the variation of e for the
four aircraft over the same range of load factors at
M =0.9. Note that e is defined according to the equa-
tion shown on the figure, which inflates the resulting e
where C D,’ that is, the drag at zero lift, is not the min-
imum drag coefficient. This is why the apparent values
of e for the lower load factors for three of the aircraft
are artificially high and do not, without qualification,
represent the real lifting efficiency of the respective
configurations. At higher load factors this problem is
diminished somewhat, especially for load factors of 2
and above. However, even at elevated load factors
these values of e are not reliable indicators of lifting
efficiency because of polar asymmetry displayed by
three of these configurations. By polar asymmetry it is
meant that the minimum drag coefficient, or the vertex
of the parabola, does not occur at C 1 =0.

Arguably a better way of defining the lift-induced
drag characteristics (or the lifting efficiency factor e)
for various configurations in spite of varying
amounts of polar asymmetry was proposed by Wendt
(ref. 65). Wendt defined e by plotting the drag
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coefficient as a function of [ C, - C where
L Lmin

C,  is the lift coefficient that provides minimum
min

drag coefficient. Thus, the equation used in figure 26(a)

2
(CL_ CLmin)
nA(CD— Cp )

This expression has been applied to the polars
shown in figure 25 using the C p.. and C; relation-

min min

values tabulated in the

is transformed to e =

ships resulting from the C I3

same figure. The resulting lifting efficiency factors
(now adjusted for asymmetry) are plotted in figure .
26(b) as a function of load factor. ‘

According to Oswald’s criteria (ref. 60), the highest
of these values of e represent somewhat low lifting effi-
ciency for a cantilevered monoplane. However, his cri-
teria was established without consideration of local
shock losses, which these configurations experience at
M = 0.9. Effective maneuvering flight at M = 0.9 was
an important consideration for these four airplanes.
This, apparently, is why the variation of e with load
factor is relatively small for all four configurations
at this Mach number. This range of e values for
the three production airplanes, over the range of load
factors ([0 > A\ symbols) is probably representative
of this class of fighter-interceptor aircraft at M = 0.9.

The X-29A aircraft was excluded from the preced-
ing statement because of the complicating influence of
its greater polar asymmetry and the causal automatic
camber. The polar adjustment proposed by Wendt
results in lower values of e for the X-29A. However,
because C , oceurs at a substantial positive lift con-
dition, C; 008 lifting efficiency derived in this
manner w111 result in an inordinately harsh definition of
e for the X-29A lifting system,” because the airplane
has not been credited for the lift increment below the
C, for Cp

Because polar asymmetry complicates the interpre-
tation of the lifting efficiency factor e and three of the
four subject aircraft display some degree of polar

* The expression lifting system has been chosen deliberately. It is intended to
emphasize that the five values of e for the X-29A (for various load factors)
represent as many wing profile shapes because the ACC schedule represents
preprogrammed variable geometry. In other words, each value of e
represents the lifting efficiency for a specific wing profile and load factor.



asymmetry for M = 0.9, lift-to-drag ratio is probably
amore definitive way of comparing these aircraft at
these flight conditions. Consequently figure 26(c)
shows the variation of L/D with load factor for
the same four airplanes. The F-16C and the F/A-18
have lift-drag ratios that are significantly higher
than the X-29A and F-15C results for load factors up to
2.5. At a load factor of 2 the F-16C and the F/A-18 lift-
drag ratios are on the order of 1 unit higher than the
X-29A value. The X-29A lift-drag ratio for this condi-
tion is about 0.3 units greater than the F-15C. At a load
factor of 3 the X-29A lift-drag ratio is about the aver-
age value for the various airplanes.

Figure 27 presents similar comparisons of ¢ and L/D
for three of the airplanes (F-15C data were not avail-
able) for M = 0.6 where compressibility effects should
be negligible. Note that for a load factor of 1, all e
values are below unity, in contrast to the data for
M = 0.9, figure 26(a). This indicates that all three
polars for M = 0.6 are essentially symmetrical about
zero lift.

Considering both lifting efficiency parameter e and
L/D in figure 27, somewhere throughout the load-factor
range shown each configuration experiences small
advantages or disadvantages in relation to at least one
of the other airplanes. Note that the rate of loss with
load factor, for each lifting efficiency parameter, is
nearly the same for the three configurations. For the
load-factor range considered and for subcritical speeds,
both of these parameters tend to rank these three air-
planes as nearly equal. In retrospect, the inequalities
seen in figure 26, for M = 0.9, would seem primarily to
represent losses caused by compressibility effects at
lifting conditions. Thus, the lifting efficiency of the
X-29A was probably penalized significantly by the
actuator fairings and hinges on the wing lower surface
(which would cause greater shock losses than would
otherwise occur). These protuberances would likely be
refined or even eliminated for a production version of
such an airplane.

Wave Drag, Transonic

The zero-lift transonic wave drag coefficient of
the X-29A and the results from the same three
contemporary aircraft will be compared with numerous
other airplanes on the basis of fineness ratio. The
denominator for the fineness ratio is the equivalent

diameter of a body of revolution having the same
maximum cross-sectional area as the respective
fuselage plus wings, canopy, and empennage. For the
X-29A the maximum cross-sectional area was derived
from the area development curve shown in figure 15.
Nine-tenths of the inlet capture area was subtracted, for
all four contemporary aircraft, in an attempt to approx-
imate mass-flow ratio effects.

The results for the X-29A, F-15C, F-16C, and the
F/A-18 are included on a plot adapted from reference
66 (fig. 28). The ordinate is referenced to the maximum
cross-sectional area from which the equivalent diame-
ter was derived (rather than wing reference area). The
author of reference 66 included more than 20 other
configurations in his correlation; and he concluded that
there were three identifiable generations of supersonic
aircraft, with each subsequent generation tending to
have lower wave drag coefficients. It was recognized in
reference 66 that a few of the latest aircraft displayed a
regressive trend toward higher transonic wave drag.
This observation is consistent with the wave drag
characteristics currently shown for the X-29A, F-15C,
F-16C, and F/A-18 airplanes. The author of reference
66 states that most of the data in his original correlation
are derived from flight. _

Another format for correlating wave drag was
suggested by Bellman in reference 67. This format
retains the wave drag coefficient based on the wing ref-
erence area as the ordinate, while the maximum cross-
sectional area is used in the abscissa as (‘_41 ) to the 5/3
power (an exponent associated with the transonic simi-
larity rules) (fig. 29). In this figure all data were derived
from flight. The four contemporary aircraft compared
in previous figures are represented by the solid sym-
bols. Again, as for the format of figure 28, these four
aircraft are revealed as having relatively high wave
drag as compared with some significantly older config-
urations. This is especially evident for the F-15C. The
data which supplement Bellman’s original plot were
derived from references 68 through 84.

Subsonic, Nonlifting, Aerodynamic Efficiency
(Parasite Drag)

An interesting format for comparing the nonlifting
drag of aircraft at subsonic speeds is to multiply the
conventional drag coefficient, based on wing reference
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area S, by S, so that the possibility of having used an
arbitrary or debatable reference area is avoided. Then
the resulting parasite area, f, is either plotted against
the aircraft wetted area” or divided by the wetted area
to provide an equivalent friction coefficient, Cr - This
format has been used by aircraft designers, references
85 and 86, who apparently borrowed it from Perkins
and Hage, reference 87. The subsonic zero-lift drag of
the X-29A and the three other contemporary aircraft
have been transformed to the equivalent parasite area
format in figure 30. Data from other aircraft, some not
previously published in this format (refs. 69, 70, 74,
75, 717, 78, 81, 82, 88, 89, and data from the authors’
files) are included. All data are derived from flight and
none were from propeller-driven aircraft.

The data shown in figure 30 represent a variety of
planforms—unswept, aft swept, delta, and, of course,
the forward-swept X-29A. A wide range of wetted
areas is represented; the largest is more than 25 times
greater than the smallest. There are two symbols for the
X-29A: a solid circle with and without a flag. The
flagged symbol represents the equivalent parasite area
after the drag attributable to the several wing lower sur-
face fairings and hinge protuberances was estimated
and subtracted.

Notice that more than half of the aircraft have
parasite-area values that are close to or lower than the
line for C,, = 0.003. This accumulation of data near
the line for’0.003 would seem to confirm the notion
expressed in reference 10 that 0.003 was a reasonable
practical goal or reference standard for defining
subsonic, nonlifting aerodynamic efficiency or clean-
ness. Consequently, the previously compared four
contemporary aircraft will be evaluated by this crite-
rion, as follows:

n, = 0303 for subject aircraft,
S
“F e p D, A 3)
w
where n = aerodynamic efficiency for subsonic, non-

lifting flight, trimmed. Table 5 shows the resulting n,
values.

* For the aircraft configurations considered here, wetted area can be defined
conclusively for nonlifting conditions.
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Table 5. Zero-lift aero-efficiency: X-29A and con- -
temporary aircraft.

Aircraft C D, C F, n,

X-29A

baseline 0.0310 0.00492 0.61
X-29A

clean wing 0.0276 0.00438 0.68
F-15C 0.0218 0.00505 0.59
F-16C 0.0199 0.00399 0.75
F/A-18 0.0239 0.00471 0.64

There are other criteria for evaluating n, besides the
experimentally evolved reference value of 0.003 as the
effective friction coefficient. One logical reference
value (for the numerator in the ratio defining n, )
would be the theoretical flat-plate turbulent frlctlon
coefficient for subsonic flight at 30,000 ft altitude
based on an area-weighted mean flow length. Another
reference coefficient could be this same flat-plate value
after adjustment for a component-area-weighted form
factor to account for the three-dimensionality of the
airplane. These calculations have been performed for
the X-29A; and for the three-dimensional case a form
factor of 1.06 was used after proper area weighting.
Table 6 shows the results.

Table 6. X-29A zero-lift aero-efficiency.

Condition C D, C F, n, M N
Baseline 0.0310 0.00492 0.61 0.44 047
Clean wing 0.0276 0.00438 0.68 0.50 0.53

These values of aerodynamic efficiency or clean-
ness, though seemingly low, should not be regarded as
evidence that is damaging to the concept of forward-
swept wings. For cases in which theoretical turbulent
flow friction coefficients were used as the reference
numerator (for M, and m,), it should be realized that
these are rigid standards that would challenge all pro-
duction aircraft designed to be highly maneuverable at



transonic speeds. The design priority for the X-29A
was to get the forward-sweep concept (along with
close-coupled canard and variable camber) into flight
quickly. Some external lines of the X-29A were defined
by components borrowed from other aircraft (the
forward fuselage, including the canopy, was obtained
from an F-5A), and the fixed inlet was not optimized,
which probably caused spillage drag for some flight
conditions. In addition, it could be argued, the incre-
ment in drag or 7, between the baseline and clean-
wing values (or at least a significant portion of the
increment) is a penalty that should be charged to the
variable camber feature of the wing. Thus the drag
caused by the external hinges and fairings on the lower
surfaces of the wing can be thought of as a constant
increment to be added to the lift-related drag.*

Referring back to the three contemporary aircraft
(F-15C, F-16C, and F/A-18) it is obvious that they
have relatively high zero-lift drag compared with
the empirically established equivalent friction refer-
ence value of 0.003. The X-29A aerodynamic
efficiency for zero-lift was also challenged by this cri-
terion. All four of these aircraft were designed to have
high maneuverability at M ~ 0.9. It is suggested that
this common feature may be an important factor
regarding their somewhat low values of n,- This
commonality of function is also believed to have influ-
enced the cross-sectional area distribution in a manner
that caused these configurations to have relatively high
wave drag coefficients (figs. 28 and 29).

CONCLUDING REMARKS

The lift and drag characteristics of the X-29A air-
plane have been obtained in flight for a Mach-number
range from 0.4 to about 1.3. The data were obtained for
altitudes from 5,000 to 42,000 ft; though most of the
data and the analysis involve altitudes near 30,000 ft.
The angle of attack for these tests was limited to values
below about 16° and the Reynolds number, based on
the mean aerodynamic chord, ranged from 11 million
to 34 million. More than 90 percent of the data were
obtained in the automatic camber control mode.

* On the other hand, if the X-29A were to be produced in large quantities,
the hinge and actuator design for the flaperons would likely be refined so
that this source of drag would be significantly reduced or even eliminated.

The X-29A lift and drag characteristics are com-
pared with corresponding flight data from contempo-
rary high-performance operational aircraft. Serious
comparisons are made only for those aerodynamic
parameters that avoid uncertainties associated with the
choice or definition of force coefficient reference area.
A few comparisons are made for cases in which uncan-
celled wing reference areas remain so that the risk of
this practice can be demonstrated.

The subsonic range of the Oswald lifting
efficiency factor, e, for the X-29A is about average for
a monoplane of cantilever construction. When e for the
X-29A is compared with the contemporary aircraft at
elevated load factors (up to 3) for M = 0.6, all three air-
craft experience a similar decrease in e as load factor is
increased. Somewhere throughout this load-factor
range each airplane experiences a small advantage or
disadvantage relative to at least one of the other
aircraft.

A comparison of the X-29A with these same air-
planes on the basis of L/D for M = 0.6 provides similar
results. That is, all of these aircraft experience similar
decreases in lift-to-drag ratio as load factor increases.
Likewise, each airplane has a small advantage (or dis-
advantage) relative to another aircraft somewhere over
the load-factor range.

At M = 0.9 the X-29A lift-to-drag ratio is compared
with those of three contemporary high-performance
aircraft over the same, 1 to 3, load-factor range.
Although these kinds of comparisons at M = 0.6
showed results that were similar, at M = 0.9 where
compressibility becomes important, there are signifi-
cant differences. At a load factor of 2 the lift-to-drag
ratios of the F-16C and F/A-18 are on the order of
1 unit higher than the X-29A value whereas the F-15C
value is about 0.3 units lower than the X-29A. At a
load factor of 3 the X-29A lift-to-drag ratio is about the
average of the values for the other three aircraft. Con-
sidering that the various aircraft had nearly equal lift-
to-drag ratio at subcritical speed (M = 0.6) and that sig-
nificant differences occur at M = 0.9, it seems apparent
that the X-29A and F-15C suffered greater shock losses
than the other two aircraft. The X-29A was probably
penalized significantly by the underwing actuator

15



fairings and hinges. These protuberances would likely
be refined for a production version of such an airplane.

All four airplanes were compared with aircraft of the
previous three to four decades on the basis of wave
drag and subsonic aerodynamic cleanness. As a group
these four aircraft are characterized by high wave drag
and high equivalent parasite area (poor aerodynamic
cleanness) when compared with the older airplanes. It
is suggested that the design missions of the X-29A and
the three contemporary aircraft (that is, high maneuver-
ability for M = 0.90 and altitude in the 30,000-to
40,000-ft range) were important factors in causing the
relatively high wave drag and equivalent parasite area.

At supersonic speeds the lift-related drag of the
X-29A is high compared with that for the three
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contemporary aircraft (based on the ratio of the lift
angle to the drag-due-to-lift factor). This is believed to
be caused by high trim drag, perhaps inherent in the
particular blending of the three longitudinal control
surfaces of the X-29A in the automatic eamber control
mode. Because the other three aircraft are operational
and produced in large quantities, it would be expected
that greater effort would be devoted to reducing trim
drag for them than for the X-29A, which was an exper-
imental technology demonstrator.

Dryden Flight Research Center
National Aeronautics and Space Administration
Edwards, California, September 14, 1993
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Basic parameters

- Airdata (9)

+ Angles of attack and sideslip (4)

« Pitch, roll, and yaw attitudes, rates,
and accelerations (10)

Center-of-gravity accelerations (6)

+ Engine speed, temperature, pressure,

and nozzle positions (21)
« Surface positions ()

Flight-control system

+ Computer parameters (429 bus) (64)

« Stick, rudder pedal position, and
forces (6)

- Cockpit accelerations (2)

Flutter and buffet

+ Accelerometers (23)
+ Velocities (4)

« Flap tab shaker (3)

Structures

» Strain gauges (112)

+ Optical deflection measurement
system (12)

Aerodynamic
+ Wing/strake static pressure (152)
« Canard static pressures (29)

Miscellaneous

« Hydraulic (9)

+ Electrical (10)
Temperature (46)
Vibration (8)
Other (22)

930616

Figure 5. X-29A measurands (ref. 41).
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Figure 8. Variation of lift-drag ratio with Mach number; trimmed flight, ACC control mode.
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Figure 9. Lift coefficients and angles of attack that provide 95 to 100 percent of maximum lift-drag ratio; and angle
of attack for zero-lift; trimmed flight in ACC mode.
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Figure 10. Variation of drag-due-to-lift factor with Mach number; trimmed flight, ACC mode.
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Figure 11. The C LZ—CD relationship for illustrating the origin of two definitions of drag-due-to-lift factor for a
constant Mach number.
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Figure 12. Variation of airplane lifting efficiency factors, ¢ and K’, with Mach number; trimmed flight, ACC
mode.
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Figure 13. Relationship of drag-rise Mach number with C 1. » angle of attack, and some secondary flight conditions;
ACC mode.
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Figure 14. Variation of zero-lift-drag coefficient with Mach number and illustration of transonic wave drag
increment; trimmed flight, ACC mode.
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Figure 15. X-29A cross-sectional area distribution.

42



2 I I l |
O From fig. 6
O Averages from
ref. 47
.20 — \
u]
O\\
CLor 16 |- © —
deg—1 \\o
N
\\
a2 B - ]
~Q.. -
08 | | I I | l | | l
4 5 .6 4 .8 9 1.0 1.1 1.2 1.3 1.4

Mach number 030636

Figure 16. Variation of lift-curve slope with Mach number; trimmed fli ght, ACC mode
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Figure 17. Lift-curve slopes of wings having aspect ratios between 3 and 4 (ref. 27).
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Figure 18. Comparison of results from ACC and MCC modes for X-29A at M = 0.6 and k = 30,000 ft MCC also

trimmed flight data).
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Figure 20. Planform view of X-29A airplane.
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Figure 21. Comparison of flight-measured lift-curve with theory for three reference areas; M = 0.6 , & = 0%

X-29A in MCC mode.

47



"uoI3a1 papeys £q pauyap ‘S ‘eare
90URIdJAI 11021100 Apejewrxoidde st uoneInSyu0d Yoes JO o[eds Jexoure Arerodwaiuod AUl pue y6Z-X JO SWIOJUR] 7T angLy
£¥90€6

48




.08

| | l | |
O X-29A, ACC mode o O
O F-15C e
01— Orec A ]
A F/A-18
e O
Cpy .04|— o _
O
© o o ©
A 8
02— g o _
Solid symbol, @, is for X-29A
with reference area = 264 ft2
. | | | | | |
12
| | | | | |
<o
A
10 I— —
S, %
(@)
O
Lo, gl _
maximum O
6 — ]
© (@)
° g
4 | o l | | |

2 4 .6 .8 1.0 1.2 14 16

Mach number 930644

Figure 23. Variation of zero-lift-drag coefficient and maximum L/D with Mach number for X-29A and three con-
temporary aircraft.
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Figure 24. Variation of drag-due-to-lift factor and lifting efficiency factors (e and K’) with Mach number for
X-29A and three contemporary aircraft.
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Figure 25. Relationship of lift and drag coefficients for contemporary aircraft at several constant load factors.
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Figure 26. Variation of efficiency parameters e and L/D with load factor for four contemporary aircraft;
M = 090.
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Figure 26. Concluded.
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Figure 27. Variation of efficiency parameters e and L/D with load factor for three contemporary aircraft; M = 0.60.
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Figure 28. Comparision of transonic wave drag as determined for X-29A and three contemporary aircraft, with
correlation of reference 66. ’
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Figure 29. Relationship of wave drag increment to reference-area ratio factor for X-29A, three contemporary air-
craft, and several other airplanes.
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APPENDIX

COMMENTS ON PROCEDURES FOR
DEFINING AIRCRAFT DRAG

Lift-Related Drag

The use of an inappropriate reference area has been
shown to result in unreliable lift and drag coefficients,
i.e., unreliable for comparison with force coefficients
of other aircraft. Consequently, to make reliable com-
parisons of lifting efficiency between various aircraft, it
is advisable to use the Oswald efficiency factor, e, or
the lift-to-drag ratio to cancel the effects of a question-
able reference area.

However, as has been noted, when the hft-drag polar
is asymmetric another problem occurs. In the case of
three of the aircraft considered here, the value of e
became inflated if the polar asymmetry were ignored.
On the other hand, when the asymmetry was accounted
for, there was a residual increment of lift below C L,
that was not accredited to the airplane through the
parameter e. It seems apparent, then, that when both
polar asymmetry and an uncertain reference area are
present, the lift-to-drag ratio, L/D, is the most definitive
parameter for comparing the lift-related drag of various
airplanes for a given flight condition. For a specific
Mach number-altitude condition the lift-to-drag ratio
of the aircraft to be compared should be plotted as a
function of load factor rather than C, or angle of
attack. This is because making compansons between
contending aircraft at a common C; or a does not
ensure that all vehicles are performmg the same task.

It is appropriate to consider figure 22 again, in which
the assigned reference areas of the four aircraft can be
compared with other probable lifting surfaces of each
configuration, mostly upstream from the wing. For the
X-29A the canard provides lift for some important
flight conditions, and the other three airplanes each
have the potential for generating lift from their chine or
strake-like surfaces ahead of the wing. It is probable
that future competing configurations will use refined
versions of these upstream devices and other means
(perhaps primarily at the wingtips) to enhance lifting
efficiency. Therefore, uncertainties and disagreements
on the correct way to define reference area will become
even more commonplace. This discussion has been
allotted appendix space to make clear the impact of the

problem and to accredit a means of circumvention;
Having emphasized the problem and offered a solution,
mention of this will be added to the concluding
remarks.

Another Approach to the Reference Area
Problem for Lift-Related Drag

In the late 1970's Harold Walker began a compara-
tive analysis of the performance of about 20 widely
diverse aircraft configurations. Because the planforms
were so varied, he too was confronted with the problem
of defining an unambiguous basis (reference area) for
his comparative analysis. Consequently, he studied the-
oretical works by R. T. Jones, M. Munk, and L. Prandt
(refs. 90-93) in search of a valid solution to his
problem,

He concluded that theory, as developed in these and
other works, supported wingspan squared as a logical
reference area that would avoid ambiguity when com-
paring the aerodynamic performance of different air-
craft. Reference 94 presents the careful development of
his rationale in support of the span-squared method.
References 6 and 60 also support the rationale for this
method of comparative evaluation.

Subsonic and Transonic Drag at Zero Lift

The problem of inappropriate, or hard-to-define, ref-
erence areas also affects drag coefficients for nonlifting
conditions. As is evident from the body of the text,
other investigators, as well as the authors of this paper,
recommend circumvention of the reference area prob-
lem for definition of drag coefficient at zero lift by
using the less arbitrary areas for reference purposes as
follows:

Subsonic C Do: use A, as reference area and base

comparisons on C £ > example,
e

Transonic CD :base C D

wave wave

on A_; example,
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